Two peaks of ethylene production occur during the development of cotton fruits (Gossypium hirsutum L.). These periods precede the occurrence of young fruit shedding and mature fruit dehiscence, both of which are abscission phenomena and the latter is generally assumed to be part of the total ripening process. Detailed study of the dehiscence process revealed that ethylene production of individual, attached cotton (15, 16) . In these studies (15, 16) , a smaller peak of ethylene production was also noted near the time of maximum young fruit abscission.
ethylene production of individual, attached cotton fruits goes through a rising, cyclic pattern which reaches a maximum prior to dehiscence. With detached pecan fruits (Carya illinoensis [Wang.] K. Koch), ethylene production measured on alternate days rose above 1 microliter per kilogram fresh weight per hour before dehiscence began and reached a peak several days prior to complete dehiscence. Ethylene production by cotton and pecan fruits was measured just prior to dehiscence and then the internal concentration of the gas near the center of the fruit was determined. From these data a ratio of production rate to internal concentration was determined which allowed calculation of the approximate ethylene concentration in the intact fruit prior to dehiscence and selection of appropriate levels to apply to fruits. Ethylene at 10 microliters per liter of air appears to saturate dehiscence of cotton, pecan, and okra (Hibiscus esculentus L.) fruits and the process is completed in 3 to 4 days. In all cases some hasteuing of dehiscence was observed with as little as 0.1 microliter of exogenous ethyl. ene per liter of air. The time required for response to different levels of ethylene was determined and compared to the time course of ethylene production and dehiscence. We concluded that internal levels of ethylene rose to dehiscence-stimulating levels a sufficience time before dehiscence for the gas to have initiated the process. Since our data and calculations indicate that enough ethylene is made a sufficient time before dehiscence, to account for the process, we propose that ethylene is one of the regulators of natural fruit dehiscence, an important component of ripening in some fruits. Our data also suggest a possible involvement of ethylene in young fruit abscission.
Ethylene is now implicated as a natural regulator of leaf abscission (2, 11 Horticulturists have long known that ethylene hastens fruit wall (shuck, hull, pericarp, and accessory parts) dehiscence of walnut (6, 19) and pecan (9) , but until recently there has been only indirect evidence that ethylene is produced by fruits that dehisce. Lipe and Morgan (13) found that ethylene production by pecan fruits increased to a relatively high level shortly before and during fruit wall dehiscence. Similar results have been observed with detached, dehiscing cotton fruits as well (15, 16) . In these studies (15, 16) , a smaller peak of ethylene production was also noted near the time of maximum young fruit abscission.
While fruit dehiscence is generally considered a component of the ripening process, where the regulatory role of ethylene is well established (3, 17) , other considerations indicated the need for the present study. Fruit ripening has been studied most extensively in fleshy fruits which do not dehisce, and some fruits dehisce after they are dry while others open before appreciable weight loss occurs (13, 16) . In some cases, for example pecans, dehiscence also involves detachment (abscission) of the seed from its vascular connections. Dehiscence as a physiological process has not received detailed attention, and yet it is a critical phase in the production of some crops where it is the dominant visible feature of the ripening process. Natural abscission of whole, ripe fruits of the species studied here is rare; seed dispersal can promptly follow dehiscence.
Production of ethylene by flowers has been rather extensively studied, primarily in association with petal fading and abscission (3, 17) , and there is a presumptive association of ethylene with the natural separation of fruits from plants following ripening. All of this information was useful in our approach to the specific process of young fruit abscission.
In the present investigation, a detailed monitoring of the seasonal pattern of ethylene production by intact cotton fruits was conducted, ethylene production by dehiscing cotton and pecan fruits was carefully detailed, and the capacity of physiological levels of exogenous ethylene to regulate dehiscence of detached fruits was determined.
MATERIALS AND METHODS
Pattern of Ethylene Production by Developing Cotton Fruits. In preliminary studies (15, 16) we observed ethylene production by detached cotton (Gossypium hirsutum L., cv. SP23) fruits from anthesis until the completion of fruit de- hiscence. Triplicate samples of cotton fruits from a field on the Texas A&M University Farm, tagged on the same day at anthesis. were collected weekly, and enclosed in groups of three in a 500-ml Erlenmeyer flask on water-saturated filter paper. After 3 to 4 hr, the ethylene content of an air sample from each flask was measured gas chromatographically.
Ethylene was measured with a hydrogen flame ionization detector (2). Five-milliliter air samples were injected with a gas-sampling valve at an oven temperature of 120 C on an activated alumina column with helium at 75 ml/min as the carrier gas. The Floral buds were enclosed in 400-ml glass chambers that sealed around the peduncle. The chambers were constructed from the tops of 500-ml Virtis Quickseal freeze-drying flasks. The fruit stem was inserted in a slit in the rubber gasket, and two tops were clamped onto the gasket. Each glass chamber was covered by a loosely draped double layer of cheesecloth to minimize heat buildup inside the chamber during the light period. A thermocouple was used to monitor temperature differences between the surface of an enclosed fruit and a fruit not enclosed. The difference was found to be less than 1 C at all times during the light-dark cycle. Leakage of ethylene from the chambers was experimentally established as approximately 5% of the total content per hour; however, since enchambered fruits produced ethylene continuously, the actual loss of ethylene during, for example, a 3-hr collection period was probably considerably less than 15% of the final concentration.
Ethylene was collected daily during a single 3-hr period, 9
AM to noon. Chambers were open to room air at all other times.
Ethylene production was monitored until 2 days after the completion of fruit dehiscence.
Calculations of ethylene production are expressed as microliters of ethylene produced per kg fresh weight-hr. For K. Koch) and cotton fruits were rueasured in detail during the latter portion of the fruiting season. The time sequence of natural fruit dehiscence relative to ethylene production was observed.
Pecans for this portion of the study were from 19-year-old Moore and Stuart variety trees on the Texas A&M University Farm. Sampling for measurement of ethylene production was begun a few days before natural dehiscence of the fruit wall. The procedure for measurement of ethylene production by pecans was identical with that described for detached cotton fruit in the previous section. However, as the relative ages of pecan fruits are quite uniform, randomly selected, untagged fruits were used.
In addition to the experiments described in the previous paragraphs, a more detailed study of the time sequence of ethylene production and natural dehiscence of attached cotton fruits was conducted. Greenhouse-grown Stoneville 213 plants were placed in a controlled environment chamber and individual fruits that were approximately 1 week from dehiscence were enclosed in gas collection chambers. The growth room the day of anthesis. Not reported earlier (15, 16) Our preliminary observations were extended by a daily ethylene assay of four attached cotton fruits, and the typical pattern of ethylene production by two of the fruits is presented in Figure 1 . Attached fruits produced ethylene in a pattern basically similar to detached fruits. Ethylene production by young fruits was highest on the day of anthesis, ranging from 2.1 to 9.2 ,ul/kg hr for the four fruits. By 4 days after anthesis, ethylene production by each fruit had dropped to generally less than 1 pl/kg hr. Young fruit abscission from these plants generally occurred from 3 to 8 days after anthesis; however, no fruits were abscising at the time the data from young fruits in Figure  1 were taken. Between 4 and 33 days after anthesis, essentially the entire period of fruit enlargement, ethylene production by the fruits was usually below 1 ,ul/kg hr. At about 5 to 7 days before dehiscence, all of the fruits began a sharp increase in ethylene production. Maximum ethylene production occurred 37 to 38 days after anthesis, or 1 day before fruit dehiscence. Production peaks for the four fruits ranged from 8.1 to 11.5 pi of ethylene per kg*hr.
Time Sequence of Ethylene Production and Fruit Dehiscence. Our observations on seasonal ethylene production by cotton fruits included the period of fruit dehiscence. We subsequently conducted more detailed studies of the time sequence of ethylene production during dehiscence of cotton and pecan fruits.
An increase in ethylene production by Moore ( Fig. 2A) and Stuart (Fig. 2B ) pecans preceded fruit wall dehiscence by 2 to 6 days and 4 to 10 days, respectively. Moore pecans produced a relatively sharp ethylene peak with a maximum of 33 ,lI/ kg-hr during an 8-day dehiscence period. Stuart pecans produced a wide ethylene peak with a maximum of 24 el/kg hr during a 17-day period of dehiscence.
Ethylene production by three attached cotton fruits of six that were monitored during the dehiscence period is presented in Figure 3 to illustrate the daily pattern and range of rates observed. Ethylene production by the fruits began to increase almost a week before the initiation of dehiscence. Maximum ethylene production of 3.0 to 5.7 1ld/kg-hr was attained 1 to 2 days before dehiscence began.
A diurnal rhythm in ethylene production by cotton fruits was quite apparent (Fig. 3) . Fruits produced considerably less ethylene during the night than during the day. We verified that this reduction was not due to the longer collection period at night. Night production was well below 1 j1l of ethylene per kg-hr except during the 2 days before dehiscence when some fruits produced as much as 1.5 ,lJ/kg hr at night.
The contribution of the growth room temperature changes (32 C day, 24 C night) to the diurnal ethylene production pattern was investigated by monitoring ethylene production at a constant temperature of 27 C with other conditions unchanged. The day-night photoperiod and temperature differences contribute to the diurnal pattern (Fig. 4) . No diurnal variation of ethylene production was observed under either continual light or continual darkness at a constant temperature. quired for initiation of dehiscence of fruits fumigated with lower concentrations of ethylene was progressively longer as the concentration of ethylene was reduced.
There was not a great deal of difference in the dehiscence responses of the 1-to 2-and 3-to 4-week-old cotton fruits to Figure 1 . Ethylene was collected and sampled at 5-hr intervals during the day and a 9-hr interval during the night. Fruit dehiscence is represented as the period of time during which the tissues of the fruit wall became separated. (Fig. 5, A and B) . Although the 5-to 6-week-old fruits (Fig. 5C ) dehisced quickly, a distinct separation of the dehiscence rate with each level of ethylene was still quite evident.
With lower levels of ethylene the difference in dehiscence rates of okra fruits of different ages was much more marked than occurred with cotton fruits. One-week-old okra control fruits dehisced completely in only 5 days (Fig. 6A) , whereas 3-to 4-week-old control fruits required 21 days to complete dehiscence (Fig. 6B) (Fig. 7) . Moore pecans sampled 2 to 3 weeks and 1 week before natural dehiscence needed only 3 to 4 days to dehisce in 10 tul/l of ethylene (Fig. 7, A and B ).
Stuart pecans sampled 1 week before natural dehiscence took 6 days in 10 ,ul/l of ethylene to complete dehiscence (Fig. 7C) . Some of the fruits sampled 1 week before natural dehiscence (Fig. 7 , B and C) dehisced quickly under all levels of added ethylene, indicating that these fruits were producing sufficient endogenous ethylene to negate the effect of applied ethylene. Most Stuart fruits (Fig. 7C ) dehisced more slowly than Moore fruits under each level of ethylene applied.
DISCUSSION
The results of this study suggest that ethylene is involved in both fruit abscission and fruit dehiscence. Data from three different species support the hypothesis that ethylene is a major regulator of fruit dehiscence, the dominant visible feature of ripening in two of the species. Ethylene was produced in adequate amounts, long enough before fruit dehiscence to cause the response.
Ethylene production by cotton and pecan fruits commonly reached peak rates of at least 3 to 30 and 20 to 34 1u/kg-hr, respectively, shortly before they dehisced (Figs. 1 to 4) (13) . Calculations from the data of Table I indicate that production of 3 I-l of ethylene per kg *hr by mature cotton fruits is equivalent to an internal concentration of 2.1 ,dl/l of ethylene. Production of 20 (Figs. 5 to 7) . Although detached fruit may be somewhat more sensitive to ethylene, as indicated by dehiscence, than attached fruit, natural production of ethylene exceeds the minimum level necessary to promote dehiscence by a margin that allows confidence in the conclusion of a causal relationship. Other studies have shown that ethylene production of 3 to 5 ,l/kg hr essentially saturates ethyleneresponsive systems such as swelling of stem and root sections, prevention of hook opening, and abscission of debladed petioles (3) . This evidence supports the contention that ethylene produced by dehiscing cotton and pecan fruits was sufficient to initiate or regulate dehiscence. It should be pointed out that the ratio of ethylene production to internal concen- tration varies with the stage of fruit development (Lipe and Morgan, unpublished data); thus, the values here do not apply, for example, to the period of fruit expansion when ethylene production is low (Fig. 1) , and sensitivity to ethylene is also apparently low because abscission is rare. The timing of ethylene production and natural fruit dehiscence also supports the proposal that ethylene is a regulator of fruit dehiscence. Data in Figures 1 to 4 show accelerated ethylene production by fruits during the week prior to dehiscence. in detail in lengthy studies of ethylene production by individual cotton fruits (Fig. 3) . Ethylene production from cotton fruits increased to at least 2 to 3 Aul/kg hr, 3 days before dehiscence.
A maximum of between S to 10 ,ul of ethylene per kg hr was generally produced 1 day before dehiscence. Pecan fruits produced considerably more ethylene than cotton fruits during the days immediately preceding dehiscence (Fig. 2) (Fig. 2 ). An additional correlation of ethylene production during natural dehiscence with the effect of ethylene fumigation on fruits was noted. Moore pecans produced a sharp ethylene peak ( Fig. 2A) that spanned an 8-to 10-day period and preceded, by 3 to 5 days, a 10-day period of fruit wall dehiscence. Stuart pecans produced a broad ethylene peak (Fig. 2B) (Fig. 7C ), respectively. This shows that the detailed pattern of dehiscence for each variety, although quantitatively different for the two varieties, was basically the same whether in the presence of internally produced ethylene or applied ethylene.
The dehiscence response of several ages of fruits to fumigation with ethylene (Figs. S to 7) appears to have been governed by the endogenous balance of dehiscence promoters and inhibitors. Young cotton (Fig. SA) and especially young okra fruits (Fig. 6A ) dehisced more quickly than fruits sampled at mid-development (Figs. 5B and 6B). Mature cotton fruits (Fig. SC) , as well as young okra fruits, dehisced most rapidly. The young fruits were sampled soon after the period of ethylene production associated with young fruit abscission. It appears that the endogenous ethylene as well as the probable depletion of juvenile hormones (auxins, gibberellins, and cytokinins) (20) , after the fruits were detached, caused a relatively quick shift of the hormonal balance in favor of dehiscence-promoting, senescence factors, i.e., ethylene and possibly ABA (8, 18) . The young okra fruits (Fig. 6A) , which dehisced quickly, were sampled under conditions of minimum fruit set, and young cotton fruits (Fig. SA) , which dehisced more slowly, were sampled during a period of maximum fruit set. Apparently, detached cotton and okra fruits sampled near mid-development (Figs. SB and 6B) dehisced relatively slowly because this is the period of rapid growth when juvenile hormones are probably plentiful (7, 10, 20) and ABA (8, 18) and ethylene (Figs. 1 and 3) are at minimum levels. The rapid dehiscence of mature cotton fruits (Fig. SC) probably reflects a natural decline in juvenile hormones as well as a significant increase in ABA (8, 18) and ethylene ( Fig. 1) Although dehiscence is the most obvious aspect of ripening in pecans and cotton and a process of economic importance for each species, the rapid dehiscence of very young okra fruits with even 0.1 ,ul/l of ethylene is interesting because it suggests that the dehiscence process may be artificially separated from ripening in some cases.
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